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ABSTRACT 

Since  today’s  aging  fleet  is  now  intended  to  far  exceed  their  proposed  design  life,  monitoring  the  stmctural 
integrity  of  those  aircraft  has  become  a  priority  issue  for  today’s  Air  Force.  One  of  the  most  critical  stmctural 
problems  is  corrosion.  In  fact  the  KC-135  now  costs  $1.2  billion  a  year  to  repair  corrosion.  In  this  paper,  we 
plan  to  show  the  use  of  Lamb  waves  to  detect  material  loss  in  thin  plates  representative  of  aircraft  skins.  To 
do  this  we  will  use  embedded  transducers  called  Piezoelectric  Wafer  Active  Sensor  (PWAS)  in  a  pitch-catch 
configuration.  The  sensors  were  placed  on  a  grid  pattern.  Material  loss  through  corrosion  was  simulated  by 
removing  the  material  mechanically  with  an  abrasive  tool.  Thus,  simulated  corrosion  pits  of  various  depths 
and  area  coverage  were  made.  Three-count  tone  burst  wave  packets  were  used.  The  Lamb  wave  packets  were 
sent  in  a  pitch-catch  mode  from  one  transmitter  PWAS  to  the  other  PWAS  in  the  grid  acting  as  receivers. 
The  Lamb  wave  mode  used  in  these  experiments  was  Ai?  since  this  was  found  to  be  more  sensitive  to 
changes  due  to  material  loss.  At  the  frequencies  considered  in  our  experiments,  the  Ai  waves  are  highly 
dispersive.  It  was  found  that,  as  the  Lamb  wave  travels  through  simulated  corrosion  damage,  the  signal 
changes.  The  observed  changes  were  in  the  signal  wavelength  (due  to  change  in  the  dispersive  properties  of 
the  medium)  and  in  signal  amplitude  (due  to  redistribution  of  energy  in  the  wave  packet).  This  change  in 
signal  can  be  correlated  to  the  magnitude  of  damage.  To  achieve  this,  we  have  used  several  approaches:  (a) 
direct  correlation  between  the  sent  and  the  received  signals;  (b)  wavelet  transform  of  the  signal  followed  by 
correlation  of  the  wavelet  coefficients  time-frequency  maps;  (c)  Hilbert  transform  of  the  signal  to  produce 
the  signal  envelope  and  comparison  of  the  resulting  envelope  signals  (d)  neural  network  correlation  between 
the  sent  and  received  signals.  It  was  found  that  these  methods  work  well  together  in  a  complementary  way. 


Keywords:  structural  health  monitoring,  aircraft  corrosion,  active  sensors,  piezoelectric,  aging  aircraft, 
cracks,  damage,  faults,  diagnostics,  prognostics,  PWAS,  Lamb  waves,  NDE,  pitch-catch 
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1.  INTRODUCTION 


The  object  of  our  study  was  to  detect  the  presence  of  corrosion  in  aluminum  plates  with  in-situ  piezoelectric 
wafer  active  sensors  (PWAS).  We  considered  a  large  square  plate  on  which  two  10-mm  diameter  PWAS 
were  placed  on  a  diagonal  (Figure  1).  Corrosion  damage  was  simulated  in  the  middle  of  the  plate  using  an 
acid  etching  method.  As  shown  in  Figure  1,  the  corrosion  damage  was  placed  directly  on  the  line  connecting 
the  two  PWAS.  The  pitch-catch  method  with  A0  Lamb  waves  was  used  for  damage  detection.  The  A0  Lamb 
waves  were  generated  by  one  PWAS  and  detected  by  the  other  PWAS.  Measurements  were  taken  before  and 
after  applying  the  simulated  corrosion  damage.  When  traversing  simulated  corrosion  regions,  the  A0  Lamb 
waves  changed  their  characteristics.  Comparison  of  the  wave  characteristics  between  “pristine”  and 
“corrosion”  would  serve  as  an  indicator  of  the  corrosion  presence. 

The  paper  starts  with  a  presentation  of  the  state  of  the  art  in  ultrasonic  corrosion  detection  using  Lamb 
waves.  This  is  followed  by  a  theoretical  analysis,  followed  by  the  description  of  the  experimental  setup, 
results,  and  data  processing  and  interpretation.  The  theoretical  analysis  presents  the  basis  for  A0  mode  tuned 
excitation  with  PWAS,  and  gives  predictions  of  the  tuning  frequency  that  are  later  confirmed  by  the 
experimental  results.  Also  given  in  the  theoretical  section  is  a  prediction  of  how  the  dispersive  A0  Lamb 
waves  are  affected  by  plate  thickness  changes.  A  method  for  quantifying  the  effect  of  small  thickness 
changes  on  the  A0  Lamb  waves  using  cross  plots  between  pristine  and  corroded  signals  is  presented  in  the 
theoretical  section  using  simulated  data.  This  method  is  further  validated  in  the  experimental  section  using 
actual  data  measured  during  the  tests. 


Figure  1  Corrosion  detection  experimental  setup  containing  two  10-mm  diameter  PWAS  at  250  mm.  Corrosion  was 
simulated  by  acid  damage  between  the  two  PWAS. 
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2.  STATE  OF  THE  ART 


Lamb  waves  are  ultrasonic  guided  waves  that  can  travel  at  large  distance  in  thin  wall  structures  and  facilitate 
efficient  detection  of  damage  over  large  areas1,2.  Of  particular  interest  is  the  use  of  Lamb  waves  for  the 
detection  of  corrosion.  Chahbaz  et  al.3  demonstrates  the  ability  of  Lamb  waves  to  detect  corrosion  through 
material  loss.  They  used  ultrasonic  NDE  transducers  and  wedges  to  induce  and  detect  Lamb  waves  in 
aluminum  test  articles.  This  showed  that  Lamb  wave  modes  could  detect  visible  thinning  as  well  as  thinning 
that  was  hidden  under  patches  and  lap  joints  when  the  transducers  were  operated  in  a  pitch-catch  setup  being 
excited  in  a  high  power  narrow  bandwidth  mode  of  operation.  They  indicated  that  Ai  guided  Lamb  waves 
transmitted  through  the  corroded  area  result  in  a  received  signal  of  lower  amplitude  and  longer  time  of  flight 
than  when  passing  through  a  pristine  area.  This  is  consistent  with  the  theoretical  calculations  of  the  group 
velocity  dispersion  curves  and  of  signal  attenuation.  Mode  selection  and  optimization  can  improve  the 
resolution  of  the  material  loss  estimation.  Experiments  were  performed  to  detect  corrosion  around  rivets  and 
other  fasteners.  Alleyne  et  al.6  used  guided  waves  to  detect  corrosion  in  steel  pipes  based  on  mode 
conversion.  Jenot  et  al.6  used  wedges  and  transducers  to  generate  symmetric  So  Lamb  waves,  which  they  sent 
along  a  copper  plate.  In  sending  the  wave  through  a  corroded  area  of  the  plate  and  through  an  uncorroded 
area  of  the  plate  they  could  detect  changes  in  the  group  velocity  which  they  was  attributed  to  material 
thinning.  They  also  showed  that  they  were  able  to  detect  the  material  damage  when  they  sent  the  signal 
along  the  back  of  the  plate  as  well.  This  is  of  particular  note  since  this  technique  could  be  used  to  detect 
hidden  corrosion.  Sicard  et  al.8  applied  this  method  to  corrosion  detection  in  airframe  structures. 

In  recent  years,  the  use  of  embedded  piezoelectric  wafer  active  sensors  (PWAS)  for  the  detection  of  material 
damage  with  Lamb  waves  techniques  has  experienced  an  ascending  trend.  Keilers  and  Chang9  (1995)  were 
among  the  early  researchers  to  experiment  with  in-situ  piezoelectrics  for  detection  of  material  damage 
through  wave  propagation  and  demonstrated  the  use  of  this  technique  on  a  composite  beam.  Wang  and 
Chang10  extended  this  method  to  delamination  damage  identification  in  a  composite  plate.  They  showed  that 
it  is  possible  to  detect  impact  damage  in  composite  structures  with  four  piezoelectric  wafer  transducers 
operating  in  a  pitch-catch  mode.  The  A0  Lamb  wave  mode  was  excited  and  the  location  of  the  damage  was 
determined  through  processing  of  scatter  and  time  of  flight  data.  Kessler  et  al.14  have  further  studied  damage 
detection  in  composite  structures.  They  have  been  working  towards  optimizing  sensor  placement  in  the 
structure.  In  their  experiments,  they  demonstrated  that  Lamb  wave  techniques  are  able  to  show  more  defect 
information  than  frequency  response  methods  since  the  Lamb  wave  techniques  are  more  sensitive  to  local 
damage  effects.  Lemistre  et  al.12  studied  the  propagation  of  PWAS  generated  Lamb  waves  in  laminated 
composite  materials  and  their  diffraction  by  defects.  They  showed  that  S0  mode  Lamb  waves  incident  onto  a 
delaminated  region  are  diffracted  as  S0,  A0,  and  SH0  guided  waves  through  the  mode  conversion 
phenomenon.  The  wavelet  transform  decomposition  was  used  to  extract  the  various  guided  wave  modes 
generated  by  the  diffraction  process.  Giurgiutiu  et  al.13  has  shown  in  his  work  that  a  single  PWAS  operating 
in  the  S0  symmetric  Lamb  wave  mode  at  300  kHz  could  detect  cracks  through  pulse-echo  excitation  and 
signal  processing.  Through  utilization  of  several  PWAS  transducers  in  a  phased  array  configuration,  cracks 
and  their  corresponding  locations  could  be  determined  and  visualized14. 

Examination  of  the  state  of  the  art  has  revealed  that  relevant  previous  work  exists  in  two  main  directions:  (a) 
the  use  of  Lamb  waves  for  corrosion  detection;  and  (b)  the  use  of  in-situ  piezoelectric  sensors  for  damage 
detection  using  Lamb  waves.  However,  our  work  consists  of  using  embedded  piezoelectric  wafer  active 
sensors  (PWAS)  for  the  corrosion  detection,  i.e.  using  the  methods  (a)  and  (b)  in  combination.  To  date,  we 
have  been  unable  to  find  any  reported  work  on  using  these  two  methods  in  combination,  i.e.,  of  using 
embedded  PWAS  for  corrosion  detection  as  described  in  the  present  work. 
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3.  THEORY 


Consider  a  uniform  plate  with  a  PWAS  transducer  bonded  to  its  top  surface.  When  the  PWAS  is  excited  by  a 
harmonic  electric  voltage  V  =  V0eicot ,  elastic  Lamb  waves  are  excited  inside  the  structure  (Figure  2).  The 
interaction  between  the  PWAS  and  the  structure  takes  place  through  the  interfacial  shear  stress  T  =  T0  (x)elC0t . 
The  exact  spatial  distribution  of  r0  (x)  depends  on  the  properties  of  the  bonding  layer  between  the  PWAS 
and  the  structure. 
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Figure  2  PWAS  interaction  with  Lamb  modes:  (a)  symmetric  Lamb  mode  So;  (b)  anti-symmetric  Lamb  mode  Ao 


Giurgiutiu15  studied  the  general  Lamb-wave  response  of  the  plate  under  PWAS  excitation  using  the  space- 
domain  Fourier  transforms  of  the  basic  Lamb  wave  equations.  The  strain- wave  response  was  found  in  the 
form 


co,o=Tx  j 

In  2  ii 


fNv  ?N  j 


D 


A  J 


where  f  is  the  Fourier  transform  of  Ta(x),  £  is  the  wave  number,  p2  =^—-^ 


:C0_^2 


(1) 


while 


=  (A  +  2p)  /  p  and  =  ju!  p  are  the  longitudinal  (pressure)  and  transverse  (shear)  wave  speeds,  A  and  p  are 


Lame  constants,  p  is  the  mass  density,  S  and  A  signify  symmetric  and  antisymmetric  Lamb  modes,  and 


Ns  =£q(g  +q  ) cos ph cos qh,  Ds=(^  -q  )  cos phsmqh  +  A%  pqsmphcosqh 

Na  =  %q(%2  +q2)  sin  ph  sin  qh,  DA  =  (^2  -  q2  )2  sin  ph  cos  qh  +  4 %2 pq  cos  ph  sin  qh 
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(2) 


A  complete  derivation  of  these  expressions  was  given  by  Giurgiutiu  ,  pages  609-617.  Note  that  Ds  and  DA 
are  the  right  hand  sides  of  the  Rayleigh-Lamb  equations.  For  ideal  bonding  between  PWAS  and  structure,  a 
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(3) 


closed  form  solution  was  derived  in  the  form: 


£x{x,t)  —  -/•^y'sin^’a 


ms) 


,i{£sx-cot) 


i^Ysin# 
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Iq  Na  (£_  )  gi(£Ax-aM) 
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where  a  =  IJ2  is  the  half-length  of  the  PWAS  and  a  r0  is  the  total  force  transmitted  by  the  PWAS  to  the 
structure.  The  summations  are  taken  over  all  the  symmetric  (5)  and  antisymmetric  (A)  Lamb  wave  modes 
present  in  the  frequency  range  of  interest.  The  sin  terms  in  Equation  (3)  present  opportunities  for  Lamb- 

wave  tuning.  When  the  product  %a  takes  a  value  equal  to  an  odd  multiple  of  7d2,  the  amplitude  of  sin  goes 
through  a  maximum,  and  that  particular  Lamb-wave  mode  is  preferentially  excited.  This  condition 
corresponds  to  the  PWAS  length,  la  =  2a ,  being  equal  to  an  odd  multiple  of  the  wavelength  of  the  particular 
Lamb-wave  mode  under  consideration. 


Figure  3  Dispersion  characteristics  of  A0  Lamb  wave  mode  in  1-mm  2024-T3  aluminum  plate:  (a)  A0  wavespeed  vs. 
frequency;  (b)  Ao  wavelength  vs.  frequency 


In  our  analysis,  we  considered  the  excitation  of  the  A0 
Lamb  wave  mode  which,  at  low  frequencies,  resembles 
flexural  plate  waves.  The  highly  dispersive  characteristic 
of  A0  flexural  waves  makes  them  very  sensitive  to  small 
changes  in  plate  thickness,  as  expected  during  the 
corrosion  process.  Figure  3  shows  the  calculated 
dispersion  characteristics  of  the  A0  Lamb  mode  in  a  1- 
mm  2024-T3  aluminum  plate  in  the  1  to  100  kHz  band.  It 
is  noticed  that  the  wavespeed  and  wavelength  vary 
rapidly  with  frequency  in  this  low  frequency  band.  For 
tuned  excitation  with  a  10-mm  PWAS,  we  are  looking 
for  wavelength  of  the  order  of  20  mm.  Figure  3b 
indicates  that  a  20-mm  wavelength  of  the  A0  mode  would 
be  encountered  in  the  20^-0  kHz  range.  A  more  precise 
determination  of  the  PWAS  tuning  frequency  is  given  in 
Figure  4,  which  shows  that  the  10-mm  diameter  PWAS 
would  have  an  A0  Lamb-mode  optimal  tuning  frequency 
of  around  30  kHz.  Fine  tuning  experiments  described  in  a 

later  section  of  this  paper  have  found  the  exact  tuning  frequency  of  31.5  KHz.  The  difference  between  the 


Figure  4 


Variation  of  tuned  excitation  frequency  with 
PWAS  diameter  for  A0  Lamb  wave  mode 
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theoretical  prediction  and  experimental  results  is  attributable  to  the  2-D  effects,  which  were  not  captured  in 
this  1-D  analysis. 

The  dispersive  propagation  of  the  A0  Lamb- wave  mode  was  analyzed  using  the  Fourier  transform  method. 
The  excitation  consisted  of  a  3.5-count  Hanning  windowed  smoothed  tone  burst  of  frequency  f0  =  31.5  kHz 
starting  at  time  t0  and  lasting  for  the  duration  T: 


p(t)= 


icoJ  ^^2 

e  0  cos 


f  t-t  ' 


,  if  <  t  <  +  T 


0  otherwise 


(4) 


where  co0  -2 7if0.  The  tone  burst  duration  was  calculated  in  terms  of  the  number  of  counts,  Ncounts  =  3.5 
using  the  expression: 


counts 

fo 


(5) 


The  excitation  was  transformed  to  the  frequency  domain  using  the  Fourier  transform: 


p(f)=\Zp^e~lMdt 


(6) 


In  the  frequency  domain,  the  excitation  was  multiplied  with  the  wave  transfer  function  (Doyle,  1997): 


G{k(0J),x)  =  e-'k{a,)x 


(7) 


to  generate  the  frequency  domain  response: 

u(co,x)  =  p(co)  •  G(co,x)  (8) 

The  frequency-dependent  wavenumber  k(co)  of  Equation  (7)  was  calculated  using  the  low-frequency 
approximation  of  the  A0  wavespeed,  i.e., 


k(co)  = 


3/?(l-v2 

d2E 


CO 


1/2 


(9) 


Applying  the  inverse  Fourier  transform  to  Equation  (8),  we  obtained  the  A0  mode  Lamb  wave  response  as  a 
function  of  time,  t ,  and  location  in  the  plate,  x,  i.e., 


(Lx)  =  — [  u(ca,x)elC0t  dco 
2  7rJ-°° 


(10) 


Figure  5  presents  the  simulation  of  the  A0  mode  Lamb  wave  response  at  the  PWAS  source,  x  =  0,  and  at 
distances  x  =  250a/2  and  x  =  500a/2  mm  from  the  PWAS  source.  It  is  apparent  that,  as  the  distance  from  the 
source  increases,  the  dispersion  of  the  A0  mode  Lamb  wave  packet  increases.  Figure  6  presents  the  effect  of 
plate  thickness  variation  on  the  wave  packet  dispersion.  Under  consideration  is  a  wave  packet  starting  at  r0  = 
0  and  arriving  at  location  r\  =  250V2  (Figure  6a)  while  traveling  through  pristine  plate,  or  at 
y i-cor  =  250a/2  (Figure  6b)  while  traveling  through  corroded  plate  that  has  experienced,  on  average,  a 
thickness  reduction  of  25%.  Comparison  of  Figure  6a  with  Figure  6b  reveals  that  the  effect  of  corrosion 
slows  the  wave  packet  down  and  to  increase  its  dispersion.  We  notice  that  the  packet  traveling  through  the 
pristine  region  seems  to  reach  its  peak  amplitude  at  around  280  micro-sec,  while  the  packet  traveling  through 
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the  region  with  25%  average  corrosion  seems  to  reach  its  peak  amplitude  at  around  320  micro-sec.  This  40 
micro-sec  delay  represents  an  average  increase  of  13%  in  travel  time.  Results  similar  to  these  predictions  are 
to  be  found  in  the  experimental  section  of  this  paper. 


Figure  5  Simulation  of  A0  mode  Lamb  wave  response  at  x  =  250V2  and  500V2  mm  from  the  PWAS  source  placed  at  x  =  0 
mm  (3.5-count  smoothed  tone  burst  of  31 .5  kHz,  plate  thickness  h  =  1  mm) 


Figure  6 


Simulation  of  Ao  Lamb  wave  mode  response  at  250V2  mm  from  the  PWAS  source  for  two  plate  thickness  values: 
(a)  h  =  1  mm;  (b)  h/5%  =  0.75  mm  (3.5-count  smoothed  tone  burst  of  31 .5  kHz) 
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Figure  7  presents  signal  cross  plots  between  the  signal  simulated  for  a  pristine  plate  (“pristine  signal”)  and 
the  signal  simulated  for  a  corroded  plate  (“corroded  signal”).  These  plots  are  very  sensitive  to  small  shifts  in 
signal  phase.  Two  charts  are  presented,  one  for  0.5%  total  material  loss  (Figure  7a)  and  one  for  1.0%  total 
material  loss  (Figure  7b).  In  each  chart,  two  plots  are  made:  first,  a  plot  of  the  pristine  signal  on  itself,  which 
results  in  a  straight  45°  line;  second,  a  plot  of  the  corroded  signal  against  the  pristine  signal.  This  second  plot 
results  in  an  ellipse.  By  comparing  Figure  7a  with  Figure  7b  we  observe  that  the  width  of  the  ellipse 
correlates  with  the  simulated  corrosion  intensity.  For  mild  corrosion  (0.5%  total  material  loss),  the  ellipse  is 
relatively  slim  (Figure  7a).  For  more  intense  corrosion,  (1.0%  total  material  loss)  the  ellipse  is  much  wider. 
These  results  indicate  that  the  signal  cross  plots  can  be  effectively  used  to  identify  the  signal  phase  shifts  and 
dispersions  due  to  the  presence  of  corrosion. 


0.5%  total  material  loss 


Pristine  signal,  au 


1.0%  total  material  loss 


Figure  7  Cross  plot  between  the  pristine  and  corroded  signals:  (a)  0.5%  total  material  loss;  (b)  1%  total  material  loss 
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4.  EXPERIMENTAL  SETUP 


The  use  of  PWAS  generated  antisymmetric  Lamb  waves  to  detect  material  loss  was  demonstrated  by 
laboratory  experiments.  A  plate  of  aluminum  alloy  2024  that  was  750mm  x  750mm  x  1mm  was 
instrumented  with  two  10-mm  diameter  0.2-mm  thick  PWAS  (American  Piezo  Ceramics,  APC-850)  along 
the  diagonal  line  of  the  square  plate.  The  PWAS  were  positioned  25.0cm  apart  (nearest  point  to  nearest 
point),  and  at  least  29.3cm  from  the  nearest  edge  of  the  plate.  A  3.5  count  smoothed  tone  burst  was 
generated  by  a  HP33120A  function  generator  which  propagated  as  an  A0  Lamb  wave  and  was  detected  by  a 
LeCroy  LT584  DSO  digital  oscilloscope  (Figure  8). 


Table  1  Size  and  depth  of  damage  on  the  AI-2024  plates 


Plate  # 

Diameter  of  Corroded  Area 

Depth  of  Corroded  Area 

9 

15  mm 

0.26  mm 

7 

15  mm 

0.14  mm 

The  simulated  corrosion  damage  was  created  on  the  aluminum  plates  by  using  hydrochloric  acid,  which  was 
confined  to  a  particular  area  of  the  center  of  the  plate.  The  acid  was  confined  to  a  particular  area  of  the  plate 
using  Tolber  Microstop  Stop-Off  Lacquer  to  adhere  a  rubber  washer  with  an  inner  diameter  of  the  desired 
diameter  of  the  corrosion  area  to  the  aluminum  plate.  Depth  of  the  corrosion  area  was  controlled  by  time. 
The  longer  the  acid  was  used  on  the  plate  the  deeper  the  corroded  area.  Two  different  plates  were  corroded. 
The  dimensions  and  depths  of  the  damage  are  in  Table  1  below.  For  the  0.26-mm  thickness  loss,  the  acid 
was  used  for  80  minutes,  and  it  was  refreshed  every  10  minutes  by  removing  the  acid  present  and  replacing  it 
with  fresh  acid.  When  the  desired  depth  had  been  reached,  the  acid  was  neutralized  with  sodium  bicarbonate 
solution.  These  measurements  are  only  approximate  since  like  real  corrosion  the  edges  are  not  perfectly 
round  and  there  are  many  pits  and  irregularities  in  the  simulated  corrosion.  After  the  plate  was  corroded,  the 
PWAS  were  connected  again  to  the  function  generator  and  the  oscilloscope  for  data  collection.  These  traces 
were  then  compared  to  the  undamaged  ones  to  detect  damage. 


_ 


Function  Generator 


Digital  Oscilloscope 


Aluminum  plate  with  2 
PZT  wafer  active  sensors 


(a)  (b) 

Figure  8  Experimental  setup  for  the  square  plate  material  loss  detection  experiment:  (a)  overall  view  showing  the 
oscilloscope,  function  generator  and  instrumented  plate;  (b)  detail  of  the  topography  of  one  of  the  areas  of 
simulated  corrosion. 


9 


5.  RESULTS 


Figure  9  presents  data  acquired  from  plate  7  before  and  after  it  is  damaged.  As  expected  from  the  theoretical 
analysis,  the  damaged  signal  has  a  greater  arrival  time  and  is  more  dispersed.  These  are  measurable,  but  they 
are  very  subtle  and  might  be  within  the  noise  range.  However,  two  other  effects  are  easier  to  observe.  With 
the  presence  of  damage,  the  A0  wave  packet  increases  in  amplitude  and  there  is  a  significant  measurable 
phase  shift. 


Figure  9  Cross  plot  between  the  pristine  and  corroded  signals,  amplitude  in  Volts  on  the  y-axis  and  time  in  seconds  on  the  x- 
axis:  (a)Pristine;  (b)  Corroded  Signal 

Figure  10  shows  pristine  and  corroded  signals  from  plate  9.  Plate  9  has  nearly  twice  as  much  thickness  loss 
as  plate  7.  As  expected,  plate  9  had  a  greater  A0  amplitude  increase  than  plate  7  when  it  was  damaged. 
However,  there  is  not  as  large  amount  of  a  change  in  the  arrival  time  or  dispersion. 


(a) 


0.04 


0.02 


Corroded  Signal 


-0.02 


-0.04 


Figure  10  Cross  plot  between  the  pristine  and  corroded  signals,  amplitude  in  Volts  on  the  y-axis  and  time  in  seconds  on  the  x- 
axis:  (a)  Pristine  Signal;  (b)  Corroded  Signal 
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6.  DATA  PROCESSING  AND  INTERPRETATION 


To  observe  the  amplitudes  for  the  A0  mode,  the  envelope  of  the  signal  was  taken.  (Figure  11)  To  find  the 
envelope  of  a  signal,  a  Hilbert  transform  was  used  on  the  data.  In  comparing  the  amplitudes  of  the  pristine 
envelope  to  the  plate  7  signal  envelope  and  the  plate  9  signal  envelope  the  data  suggests  a  linear  relationship. 
Further  analysis  is  needed  to  confirm  this. 


Figure  1 1  Envelope  plot  of  the  pristine  and  corroded  signals,  amplitude  in  Volts  on  the  y-axis  and  time  in  seconds  on  the  x- 
axis:  (a)  Plate  7  with  0.14mm  thickness  loss;  (b)  Plate  9  with  0.26mm  thickness  loss 

In  order  to  examine  the  phase  shift,  we  constructed  cross  plots  between  the  corroded  and  the  pristine  signals, 
as  described  in  the  theory  section  of  this  paper.  As  the  theory  suggests,  the  ellipse  widens  with  increased 
corrosion  damage.  (Figure  12) 


Plate  7  Cross  Plot  Plate  9  Cross  Plot 


Figure  12  Cross  plot  between  the  pristine  and  corroded  signals,  amplitude  in  Volts  on  the  x-axis  and  y-axis:  (a)  Plate  7  with 
0.14mm  thickness  loss;  (b)  Plate  9  with  0.26mm  thickness  loss 
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7.  SUMMARY  AND  CONCLUSIONS 

A  method  for  in-situ  corrosion  detection  using  piezoelectric  wafer  active  sensors  (PWAS)  permanently 
attached  to  the  structure  is  presented.  The  method  is  based  on  flexural  ultrasonic  guided  waves  (A0  Lamb 
mode)  transmitted  by  one  PWAS  and  received  by  the  other  PWAS  in  pitch-catch  mode.  Theoretical 
predictions  were  validated  by  experimental  results.  We  were  able  to  detect  minute  changes  in  arrival  time 
due  to  simulated  corrosion  damage  and  we  could  detect  a  small  amount  of  increased  dispersion.  However, 
these  effects  were  very  small.  In  addition,  we  were  better  able  to  observe  an  amplitude  increase  by  analyzing 
the  waveform  envelope.  We  could  also  detect  a  considerable  phase  change  by  analyzing  a  cross  plot  between 
the  pristine  signal  and  the  corroded  signal.  All  four  of  these  effects  seem  to  have  a  linear  relationship.  In  the 
future,  we  plan  to  continue  our  studies  in  order  to  actually  quantify  damage  based  upon  the  measurement  of 
these  effects  for  different  corrosion  depth  and  intensity. 
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